Abstract: Biological applications of fullerenes are severely impeded by our incomplete understanding of their toxicity. Here we extend a recently developed computational method to gain insight into the behavior of fullerenes in lipid bilayer systems. The physical behavior of fullerenes is captured through a continuum model incorporating both their hollow geometry and surface chemistry. By using this model in molecular dynamics simulations we are able to continuously vary the fullerene size and study the resulting variation in equilibrium position, solvation free energy and water to lipid transfer free energy. The results show agreement with all-atom and coarse grained fullerene models and can be extended to study the aggregation of fullerenes in lipid bilayers.
INTRODUCTION
Hand in hand with the integration of nanomaterials into current technology comes the elevated possibility of nanomaterial exposure to living organisms, either explicitly through biomedical application or indirectly through environmental contamination [1, 2] . It is clear that to further develop and utilize nanomaterials safely, a strategy involving both experimentation on specific nanomaterial systems, and theoretical investigations on classes of nanomaterials is necessary. In this study we focus on a specific class of nanomaterials, fullerenes, with an emphasis on the behavior of these particles in lipid membranes.
Fullerenes are discrete graphitic carbon based molecules which possess a closed-cage structure. From these, examples of fullerenes with sphere-like geometries include C 20 , C 28 , C 60 (Buckminister fullerene), C 80 , C 180 , C 240 , C 320 and C 540 which range from 2.0 to 10.5 Å in radius. The special physical, chemical and optoelectronic properties of these graphitic particles make them candidates for application in fields such as organic photovoltaics [3] , optoelectronic devices [4] , cell imaging [5] and drug delivery [6] .
The interest in applications of fullerenes is tempered by concerns over their toxicity. Unfortunately, the diversity of the potential applications of these molecules opens possibilites for human exposure through inhalation, dermal and oral routes [7] as well as from intravenous delivery in the case of biomedical application [8] . The range of entry routes require toxicity studies to examine biological responses at several possible exposure sites as well as distal sites where fullerenes may be concentrated through physiological processes [8] . In vivo studies pertaining to fullerenes and fullerene derivatives have in general shown that a majority of those absorbed remain at the site of exposure, although accumulation in the liver, kidneys, spleen and metabolism and elimination are also observed [8, 9] . On the other hand, in vitro studies have focused on dermal [8, 10] and cardiovascular models [8, 11] and have studied the mechanisms which result in fullerene toxicity. In studying the cellular uptake of fullerenes, their entry and aggregation in cell membranes is particularly important.
Apart from experimental studies, computer simulation techniques have been utilized to elucidate the passive diffusion of C 60 and C 60 aggregates into model membranes [12] [13] [14] [15] [16] [17] . Such studies have the advantage of high spatial and temporal resolution in addition to precise control of system composition and conditions. Although the simulation of complete biological systems is still beyond the capabilities of conventional computer modeling, studies of fullerenes in lipid bilayers may yield valuable insight into the mechanisms leading to toxicity and strategies to mitigate their toxic effect. For example, the aggregation tendency with particle size and the strength of associative interactions of fullerenes in a membrane may provide insight to experimentalists on the derivatization neccessary to circumvent aggregation. This is particularly significant due to reported correlations between the aggregation behavior of fullerenes and toxicity [18] .
In this study we present coarse grained (CG) molecular dynamics studies of fullerenes in dioleoylphosphatidylcholine (DOPC) lipid bilayer membranes employing a continuum mean field model for the fullerene. Mean field models approximate the effect of a many bodied system through single body potentials. These models have a long history in the literature. For example, the Hamaker summation method [19] assumes a solid with homogenous interaction site density, and evaluates the net interaction energy of two such objects using integration. However, the Hamaker theory makes a low curvature assumption to evaluate the integral making the resulting energy expression unreliable at small interaction distances. The limitation arising from this curvature assumption was removed by Henderson among others [20] . Notably, Girifalco [21] used a mean field model of C 60 to evaluate several gas and solid phase properties. By considering all-atom simulations, he suggests that at ambient temperatures the free rotation of C 60 presents an effective potential to the environment which is inherently spherically averaged, thus providing justification for the mean field model.
We should note here that the mean field treatment is only applied to the fullerene particle. The lipids and solvent remain multi-body and the molecular dynamics simulations contain fluctuations and correlations between these molecules and the fullerene.
The article is organized as follows. In the Methods section we give details on the representation of the system components and our model of fullerenes. The free energy methods used are also discussed with a focus on the theory which allows for a straightforward calculation of solvation free energies. In the Results and Discussion section we begin by examining the hollow spherical geometry of fullerenes, and contrasting the interaction potentials arising from such a geometry with those arising from a filled sphere geometry. Next the solvation free energy of fullerenes in different environments is computed leading to a discussion of the stability of fullerenes in a lipid membrane. Subsequently the variation of the lipid to water transfer free energy with fullerene size is evaluated which is an important factor influencing the phase partitioning behavior of the fullerenes. Finally, we conclude with an outlook of the modeling approach and discuss extending the methods introduced here to particle aggregates.
METHODS Soft Component Interactions
To carry out molecular dynamics (MD) simulations a force field must be used which defines the representation of the system components and the interactions between them. To represent DOPC lipids and water the coarse grained force field of Shinoda et al. [22] [23] [24] was used while the fullerenes were represented using a continuum model.
The soft matter force field generally maps 3-4 heavy atoms to a single CG bead. The force field has been extensively parameterized against both experimental and all-atom simulation data and reproduces key thermodynamic quantities of liquid interfaces [23] and the phase behavior of lipids [24] .
Dispersive interactions between soft matter beads i and j are treated through a Lennard-Jones potential, which takes the form
where d ij is the separation distance, ij is the interaction strength and ij is a size parameter. The values of m and n are parameterization variables chosen to most suitably represent specific interactions and the prefactor B is chosen such that ij is the well depth of this potential. Bond stretching is modeled using a harmonic potential, while bond bending is a superposition of a harmonic potential and a potential between 1-3 bonded pairs [24] . For further details on the soft matter force field we refer the reader to the primary references [22, 24] .
Fullerene Interactions
As an extension to our previous work [25, 26] we employ a mean field continuum model for the fullerene. In this spirit, the fullerene is considered to be a hollow (as opposed to a filled) sphere with no discrete interaction sites but rather an interaction surface with a uniform site density of s . Using this model, the interaction of a fullerene particle p and a soft matter bead i can be evaluated using integration. For a particle of radius r at a distance R from an interaction site i (see Fig. 1 ), the net interaction U pi is simply
where d is the distance between i and the integration point on the fullerene, d 2 = r 2 2rR cos + R 2 (see Fig. 1 
), and U(d) is the
Lennard-Jones potential given in Eq. 1. This integral approach can be considered a mean field approximation, akin to the Hamaker summation method [19] for the interaction of two solid bodies. For U(d) with parameters m = 9 , n = 6 , and B = 27 / 4 the analytical expression U pi is U pi (R;r) = 27 s pi r
However, in practice U(d) is truncated at 15.0 Å and hence the integral is numerically evaluated for use in MD simulations.
Fig. (1).
The continuum mean field model of a fullerene particle. The interaction sites on the fullerene are smeared uniformly over the fullerene surface such that the net interaction between the particle and a soft matter bead can be found through integration (see Eq. 2).
Simulation Setup and Details
Simulation cells for the MD runs were populated with 200 dioleoylphosphatidylcholine (DOPC) lipid molecules in a bilayer parallel to the xy plane. The bilayers were solvated with CG water corresponding to 50 water molecules per lipid. Periodic boundary conditions were applied for all simulations. A representative snapshot of a simulation box is shown in Fig. ( 2). All simulations were carried out using the LAMMPS package developed by Sandia National Research Labs [27] . A Nosé-Hoover themostat at 303 K and barostat at 1 atm was used to sample from the isothermal-isobaric ensemble [28] . Simulations cells were allowed to vary freely according to the applied pressure in the z direction while being constrained to undergo isotropic variations in the x,y directions. A multistep rRESPA [29] integrator was used in the propagation of the positions and the velocities of the beads. A long ranged interaction timestep of 20 fs was used while a timestep of 2 fs was used for short-ranged and bonded interactions.
Evaluation of Solvation Free Energy
The conventional definition of the excess solvation free energy of a particle is the free energy cost of transferring the particle from an ideal gas reference state into its solvated environment. Here we use a novel method we have developed for continuum particles [26] where the solvation free energy of a particle with radius r is found through the relation
where G is the free energy of the system and represents intermediate particle sizes between 0 and r . Statistical mechanics affirms that for the isothermal-isobaric ensemble
where is the isothermal-isobaric partition function [30] . The left term in angle brackets is understood to be the ensemble averaged derivative of the interaction potential of the fullerene with all other beads in the system. The right term in angle brackets is negligibly small and in practice can be omitted.
The continuum mean field model gives ready access to .0, 9.5, 10, and 11 Å. Systems were equilibrated for 10 ns prior to data collection runs of 20 ns. Apart from these particle radii, simulations were also run to correspond to the fullerenes C 60 (r=3.50 Å), C 80 (r=4.11 Å), C 180 (r=6.12 Å), C 240 (r=7.12 Å), C 320 (r=8.15 Å) and C 540 (r=10.55 Å). These simulations were equilibrated for 10 ns before data collection runs of 50 ns.
During these simulations the fullerenes are free of any externally imposed constraints and consequently show thermally driven motion. To study the positioning of the fullerene with respect to the lipid bilayer, the z distance of the fullerene from the center of mass of the lipid bilayer was collected during the simulations.
RESULTS AND DISCUSSION
The goal of this research is to understand the behavior of fullerenes in lipid membranes. Towards this end we use a continuum mean field model for the fullerene which allows us to evaluate the variation of physical properties with fullerene size. We begin by discussing our model of the fullerene, and in particular examine the role of the geometry of the fullerene on its interaction behavior.
Fullerene Model
The fullerene model used in this study is a hollow sphere with homogenous interaction site density over its surface of radius r . This is different from the actual atomic structure of a fullerene which has facets giving a spread of values for the distances of atoms from the center of mass (COM).
The net interaction potential of a liquid site i and the fullerene particle ( U pi , see Eq. 3) can be evaluated analytically or numerically as described in the Methods section. This results in a potential with a minimum 3.00 Å away from the surface of the particle, increasing sharply at distances closer to the surface (see Fig. 3 ). As the fullerene size increases the well depth is lowered while the energy minimum is shifted to larger values corresponding to the change in size. However, the well depth converges to a finite value, i.e. to that of a planar surface, at very large particle sizes.
In order to make the fullerene mean field approximation as realistic as possible, a suitable choice of the parameters is required. Recently, the CG force field we have used for the soft matter components has been extended to include aromatic compounds [31] and in particular fullerenes [32] . Due to the excellent compatibility of the graphitic carbon (BER bead) parameters with the soft components [14] , the BER bead was used as the basis of the continuum model. Because we wish to investigate the variation of properties due to one variable, namely the radius only, a fixed s value of 0.39 Å 2 atomic sites per unit area is used. 1 These parameters result in potential curves for the implicit mean field model which are shown for C 60 ( r = 3.50 Å ) and C 540 ( r = 10.55 Å) in Fig. (4) . The plot shows the total potential U pi between a fullerene and a single BER bead at distance R . The dashed lines represent the implicit model we use in this study. For comparison the potential curves for explicit CG bead models of C 60 and C 540 are also shown. The explicit potentials were generated by sampling the different rotational orientations of the fullerene according to their Boltzmann weight. As seen in Fig. (4) the potentials for the implicit and explicit fullerene models are in excellent agreement.
Among the reasons motivating the use of an implicit mean field model are the novel techniques which yield thermodynamic information which are not possible with an explicit bead model. For example, the method we use to evaluate the solvation free energies relies on the ability to calculate the force acting on the fullerene radius. This is only available in the mean field model where the 1 The BER bead maps to 1.5 aromatic carbon atoms. Hence an atomic site density of 0.39 Å -2 translates to a coarse grained site density of 0.26 Å -2 . Fig. (4) . The potential energy curves for the interaction of a fullerene with a bead (of BER type). The solid lines are for an explicit CG bead fullerene model while the dashed lines are from the implicit model developed in this study. The mean field model is seen to be an excellent approximation across a wide range of fullerene sizes. Even the slight deviation in potential between the explicit coarse grained and continuum model of C60 may be attributed to the constant value of s we use for all sizes of fullerenes, while in actuality the site densities of fullerenes ( s) vary slightly with their size.
fullerene-soft matter bead interaction potential energies are parametrically dependent on the fullerene radius. Furthermore, the analytical form of the potentials (see Eq. 3) give valuable insight into how the hollow nature of the fullerene impacts its behavior.
Comparison of the Hollow and Filled Sphere Potentials
The behavior of solid particles is determined by their interaction potentials with the environment. These potentials depend, in part, on the structure of the particle. To fully understand the behavior of fullerenes it is important to conceptualize the difference between a hollow and a filled spherical particle, particularly since most colloids theories assume a filled geometry.
The use of the implicit mean field model allows us to analytically evaluate the potential energy expressions for the fullerenes represented by a continuum hollow sphere (see Eq. 3).
Let us name this potential U pi hs . The same approach can be used for a filled sphere as described in our previous work [26] ; the important change being the integral to obtain the net interaction ( U pi fs ) involves a third dimension for the particle volume.
For a given radius the filled sphere encompasses a greater number of interaction sites leading to a deeper potential well for the interaction with a soft matter bead. The particle-liquid interaction potential is plotted in Fig. (5) for both a hollow sphere U pi hs (R;r) and a filled sphere U pi fs (R;r) . For U pi hs (R;r) we have used the parameters for C 540 (r = 10.55 Å, s = 0.26 Å -2 , = 0.1750 kcal mol -1 , = 3.800 Å). For the filled sphere potential we have used the same parameters; however, the surface site density s must be changed to a volume site density v the value of which is chosen to correspond to bulk graphite ( v = 0.07533 Å -3 ). atom approaching the hollow spherical particle. This is due to a finite interaction site density precisely at the sphere surface in the case of the hollow sphere, which is not the case for the filled sphere where the interaction sites are uniformly distributed over the particle volume.
Other than the differences in the relative magnitude of interactions between a filled particle and a hollow particle, the decay of the potentials with separation shows a similar form. To illustrate this graphically U pi hs (R;r) C is offset by R 0 = 0.58 Å which superimposes the hollow sphere potential with that of the filled sphere.
To conclude this section we note that the physical behavior of fullerenes in a fluid environment results from two primary factors. The first is the nature of the surface atoms presented to the environment. This is captured through our use of the BER building block. The second is the hollow shell geometry of the fullerenes. This is captured through our continuum model for the hollow sphere.
Fullerenes in a Lipid Bilayer Environment
The behavior of fullerenes in a DOPC lipid bilayer is related to the chemistry of the lipids and the properties of the membrane. The phosphatidylcholines (PCs) are a major component of biological membranes, and in particular DOPC (dioleoylphosphatidylcholine) is the most abundant PC in living organisms [33] . In general lipids are composed of two hydrocarbon chains pendant from a polar glycine head group; this amphiphilic structure facilitates spontaneous self assembly in water. The bilayer membrane is such an assembly, where the lipids align in two parallel sheets with their polar heads directed outwards into the water phase and their nonpolar tails creating a hydrophobic region in between. This bilayer structure forms a physical barrier for the diffusion of hydrophilic solutes, giving it biological significance.
Simulations of fullerenes in DOPC bilayers were carried out by growing the size of the fullerene from zero to 11 Å (see Methods When fullerenes are introduced into a lipid bilayer, they are seen to favor localizing in the non-polar environment of the hydrocarbon chains, but with a size dependent distribution of their position with respect to the bilayer center. Fig. (7) plots this distribution as a function of particle size. The overall trend within the physically significant region ( r 3 Å ) is that larger fullerenes are found closer to the center of the membrane. At very small radii the model loses physical significance and these sizes of fullerenes are only included in the study in order to calculate the solvation free energy.
Generally the fullerenes prefer localizing in the center of the acyl chains of one leaflet, while avoiding the center of the bilayer (methyl trough) because this would incur an entropic penalty from subduing the conformational freedom of the lipid tails. However, the barrier for passing through the methyl trough is low enough that all sizes of fullerenes move between the two leaflets over the course of 50 ns simulations. With increasing size the fullerenes would disrupt the structure of the lipid head group-water interface if they were situated at the center of the acyl chains and hence are instead pushed towards the center of the bilayer. Smaller sizes of fullerenes therefore result in broad distributions which are peaked closer to the head groups while larger particles show narrow position distributions which peak closer to the center of the bilayer membrane (see Fig. 7 ).
Solvation Free Energies
The solvation free energy is defined as the free energy required to transfer an object from an ideal gas phase reference state into its solvated environment. With water as the solvent, this is the hydration free energy, G wat . Intimately tied to this concept is the thermodynamic definition for hydrophobicity/hydrophilicity where an object with G wat < 0 is considered to be hydrophilic.
Conventionally the free energy of solvation can be found through molecular simulation by displacing the object from one environment to the other in a system containing the appropriate interface. Constrained molecular dynamics or steered molecular dynamics are common techniques used to enact this displacement [34] . However, in these approaches a series of simulations is needed to obtain the solvation free energy of a specific fullerene.
Instead, in this study we use a novel method for evaluating the solvation free energy by `growing' fullerenes in solvent. As described in the Methods section the free energy of growing a particle in solvent (see Eq. 4) can be found through the mean force acting on the particle radius for a series of increasing particle sizes. The primary advantage of this approach is that through a single Fig. (7) . The position distribution of fullerenes in the DOPC bilayer membrane as a function of particle size. The darker areas show regions of higher probability. The fullerene positions are measured relative to their distance from the bilayer central plane. The smaller radius particles tend to have broader distributions while they have a higher probability of being found close to the head groups of the lipids. As the particle size becomes larger the particles tend to move to the center of the bilayer and have narrower distributions.
series of simulations we can obtain the solvation free energies for fullerenes of many different sizes. This scheme was carried out for fullerenes in water and in a DOPC bilayer membrane environment, and the resulting free energy plots are given in Fig. (8) .
The solvation free energy curves are roughly quadratic as would be expected since the particle-solvent surface area increases as the square of the particle radius. It is interesting to note that solvation in both water and the lipid membrane is favorable ( G solv < 0 ). Although this is expected for fullerenes in the hydrophobic interior of the lipid membrane, the result that fullerenes are hydrophilic is somewhat surprising. However, it has recently been suggested that even long n-alkanes are hydrophilic [35] , and Athawale et al. have pointed out that the commonly used all-atom graphite-water force fields all predict G wat < 0 for spherical fullerenes [36] . It should be noted that although the hydration free energy of fullerenes is negative this is not indicative of their solubility in water, because the fullerene-fullerene interaction also plays a role in determining solubility.
From the absolute solvation free energies, the transfer free energy of the fullerene from lipid to water is found by using a thermodynamic cycle (see Fig. 9 ). Fig. (10) shows the variation of transfer free energy as a function of fullerene size. Superimposed on this figure are the Fig. (6) . Different sized fullerenes in DOPC lipid bilayers. From left to right, the particle size corresponds to C60, C80, C240, C320 and C540. The color scheme is similar to Fig. (2) , while the fullerenes are shown in front of the lipids for clarity. The distribution of the fullerene position changes as a function of particle size as shown in Fig. (7) . . (9) . The thermodynamic cycle used to obtain the transfer free energy of a fullerene from water to DOPC. The transfer free energy (black arrow) can be obtained by the following route: (1) shrinking the fullerene in water, which is the negative of the solvation free energy G wat , (2) transferring the particle of zero radius into DOPC which incurs no free energy cost, and (3) growing the fullerene back in the lipid bilayer, which is the solvation free energy G dopc . transfer free energy values for explicit fullerene models taken from the literature [14] . Both all-atom and CG models are used for comparison, and show qualitative agreement with the mean field model. However, different temperature and barostatting conditions were used in these MD studies so quantitative agreement cannot be expected.
Furthermore, it has been reported from both all-atom and CG explicit model studies that there is no free energy barrier for the entry of a fullerene molecule into the lipid bilayer membrane from the water phase [14] . As a result there exists a direct correlation between the transfer free energy and the partitioning of different sizes of fullerenes in the membrane through passive diffusion. Therefore this method may be useful in eventually characterizing and predicting the partitioning of fullerenes in biological membranes, particularly in view of the range of sizes and surface chemistry these molecules have. 
CONCLUSIONS
In summary we have proposed and implemented an implicit mean field model of fullerenes in lipid bilayer systems. Here the fullerene is considered a hollow sphere of uniform interaction site density, which accurately captures both its surface characteristics and geometry. This model is compatible with state of the art coarsegrained molecular dynamics force fields and can be readily used in simulations of soft matter systems such as lipid bilayers, as exemplified by the qualitative agreement we observe with recently published explicit models of C 60 , C 180 and C 540 . The continuum model used to represent the fullerenes results in a force field in which the fullerene-soft matter interaction energies are parametrically dependent on the fullerene radius. This dependence is exploited using our novel approach [30] to efficiently evaluate the fullerene solvation free energy in several environments. Using a thermodynamic cycle we are then able to evaluate the water to lipid transfer free energies of fullerenes of different sizes, using a single series of simulations. The results of this study give us an improved understanding of the size dependent solubility and potential effects of fullerenes on biological systems.
Although this article has focused on individual fullerenes in lipid membranes, the understanding of fullerene-fullerene interactions, and particularly aggregation behavior, is thought to be an important aspect of their potential toxicity. The systems studied here can easily be extended to include more than one fullerene particle and this would be an interesting avenue of future research.
